Background-Schneckenbecken dysplasia (SBD) is an autosomal recessive lethal skeletal dysplasia that is classified into the severe spondylodysplastic dysplasias (SSDD) group in the international nosology for skeletal dysplasias. The radiological hallmark of SBD is the snaillike configuration of the hypoplastic iliac bone. SLC35D1 (solute carrier-35D1) is a nucleotide-sugar transporter involved in proteoglycan synthesis. Recently, based on human and mouse genetic studies, we showed that loss-of-function mutations of the SLC35D1 gene (SLC35D1) cause SBD.
Methods and results-We searched for SLC35D1 mutations in five families with SBD and 15 patients with other SSDD group diseases, including achodrogenesis type 1A, spondylometaphyseal dysplasia Sedaghatian type and fibrochondrogenesis. We identified four novel mutations, c.319C>T (p.R107X), IVS4+3A>G, a 4959-bp deletion causing the removal of exon 7 (p.R178fsX15), and c.193A>C (p. T65P), in three SBD families. Exon trapping assay showed IVS4+3A>G caused skipping of exon 4 and a frameshift (p.L109fsX18). Yeast complementation assay showed the T65P mutant protein lost the transporter activity of nucleotide sugars. Therefore, all these mutations result in loss of function. No SLC35D1 mutations were identified in all patients with other SSDD group diseases.
Conclusion-Our findings suggest that SLC35D1 loss-of-function mutations result consistently in SBD and are exclusive to SBD.
Schneckenbecken dysplasia (SBD; OMIM 269250) is an autosomal recessive perinatally lethal skeletal dysplasia. [1] [2] [3] The German term "Schneckenbecken" refers to the distinctive, snail-like appearance of the ilia due to medial bone projection from the inner iliac margin. Other skeletal hallmarks of SBD include thoracic hypoplasia, severe flattening of the vertebral bodies with absent ossification of the posterior parts of the vertebral bodies, and short thick long bones. Histological findings in SBD include large, round, and centrally located chondrocyte nuclei, scarce extracellular matrix, and an absence of columnar alignment of proliferating chondrocytes in the growth plate.
SBD belongs to the "severe spondylodysplastic dysplasias (SSDD)" group in the international nosology for skeletal dysplasias, 4 which includes achodrogenesis type 1A (ACG1A; OMIM 200600), spondylometaphyseal dysplasia (SMD) Sedaghatian type (OMIM 250220), and fibrochondrogenesis (FCG; OMIM 228520) (supplemental table 1). ACG1A shows more poorly ossified vertebral bodies, more hypoplastic ilia with protruded medial margins and arched lower margins, and misshapen, stellate tubular bones. 5 SMD Sedaghatian type exhibits better ossified vertebral bodies, less hypoplastic ilia, and milder tubular bone shortening. The medial projection of the ilia is very subtle, while the metaphyseal cupping and irregularity are conspicuous. 6 FCG is a disorder most similar to SBD, particularly in its absent ossification of the posterior parts of the vertebral bodies; however, the iliac medial projection is less conspicuous and the tubular bone shortening is more pronounced with bulbous metaphyses. 7 The aetiology of these disorders remains unknown except for a part of SMD Sedaghatian type. 8 Recently, we reported mutations of the solute carrier-35 D1 (SLC35D1) gene (SLC35D1; OMIM 610804) in SBD-that is, three premature stop codon mutations that result in complete loss of SLC35D1 function in two typical SBD patients. 9 This was the first report of identification of causative mutations for SBD and the first known gene for a disease in the SSDD group. SLC35D1 is the nucleotide sugar transporter (NST) expressed in the endoplasmic reticulum (ER) and involved in proteoglycan (PG) synthesis. 9-12 SLC35D1 transports UDP-GalNAc and UDP-GlcUA, the substrates used to synthesise CS, from the cytoplasm into the ER lumen. [9] [10] [11] [12] We also reported that the Slc35d1 deficient mouse develops a lethal form of severe short limbed dwarfism very similar to SBD. 9 The mice had defective chondroitin sulfate (CS) biosynthesis on the core protein of cartilage PGs. The CS chain in the mice was estimated to be half the length of the normal CS chain and it seemed to be reduced in number.
We showed that loss-of-function mutations of SLC35D1 result in SBD phenotype; however, phenotypic consequences of other types of SLC35D1 mutations remain elusive. It is intriguing to consider whether other types of SLC35D1 mutations cause other skeletal dysplasias, particularly other disorders belonging to the SSDD group, because a phenotypic similarity often reflects a causal similarity in the skeletal dysplasias. 4 To address this question and to explore further the range of SLC35D1 mutations in SBD, we searched for SLC35D1 mutations in 20 families with SSDD, including five SBD, eight SMD Sedaghatian type, six ACG1A, and one FCG. Four novel loss-of-function mutations of SLC35D1 were identified in the three SBD families, but no mutations were found in all patients with other SSDD.
PATIENTS AND METHODS

Collection of patients
SSDD cases were recruited through International Skeletal Dysplasia Registry (ISDR) (http:// www.csmc.edu/), European Skeletal Dysplasia Network (ESDN) (http://www.esdn.org/), and Japanese Skeletal Dysplasia Consortium (JSDC) (http://www.riken.jp/lab-www/OAteam/JSDC/). Clinical and radiographic phenotypes of the patients were evaluated by the experts of the organisations and reviewed by authors (AS, SU, GN). The diagnosis of these disorders was based on the whole patterns of skeletal abnormalities, but not on single signs alone or in combination. The core radiological findings are listed in supplemental table 1. A total of 20 SSDD cases-that is, five SBD, eight SMD Sedaghatian type, six ACG1A, and one FCG-were recruited for this study.
Clinical reports
The clinical and radiological manifestations of five patients diagnosed as SBD are shown in table 1.
Patient 1-Clinical information of this patient has been recorded in a previous report 1 as Patient 2 of Family A. Briefly, the infant girl was a product of A non-consanguineous marriage between healthy Caucasian parents (the mother: Spanish-North African, the father: Portuguese). The family history was unremarkable for short stature or genetic disease. Prenatal ultrasound at 16 weeks gestation revealed a short-limb fetus and the pregnancy was terminated at 18 weeks. She had a severe form of short-limb short-stature with a relatively large head and prominent abdomen. Radiographic examination showed characteristic appearance of the spine and the iliac. Precocious ossification at the ischium was apparent.
Patient 2-The parents of this fetus were first degree cousins of Turkish origin. The mother was a G3P1: one healthy boy and one stillbirth with short limbs (no radiographs or DNA available). On prenatal ultrasound at 22 weeks gestation, this fetus was identified as having a short neck with redundant nuchal skin, narrow thorax, scoliosis, and short limbs, and thus the pregnancy was interrupted. Postmortem investigations were limited to external examination and radiographs. The fetus had a small nose with anteverted nares ( fig 1A) . There was generalised micromelia but no polydactyly. The thorax was small and the abdomen protuberant. Radiographs revealed platyspondyly with pedicle width exceeding that of the vertebral bodies ( fig 1B) . The chest was narrow and bell shaped. The Scheneckenbecken sign was present in both iliac wings. All long bones were short and stocky with some metaphyseal flaring. Tarsal ossification was advanced.
Patient 3-The parents of this fetus were also first degree cousins of Turkish origin. The mother was a G4P2SA1: one healthy girl, one boy who died at 18 months of age without clear diagnosis, and one spontaneous abortion. This fetus was identified on 18 weeks ultrasound as having hydrops and short limbs. Thanatophoric dysplasia was suspected and the pregnancy was interrupted at 20 weeks. On inspection, there was massive hydrops and cystic hygroma. The facial features resembled those of patient 2 with small nose and anteverted nares. There was marked micromelia. The chest was narrow and short with a protuberant abdomen. Radiographs revealed features similar to those of patient 2 but slightly more severe with wafer thin vertebral bodies ( fig 1C) .
Patient 4-This fetus was the product of Turkish parents who denied consanguinity, yet came from the same small village. The mother was a G7P1 at referral. She had a history of recurrent first trimester fetal loss and had been immunised for Rhesus incompatibility on every intervention. Her fifth and sixth pregnancies were complicated with hydrops. The fetus was terminated 20 weeks gestation due to detection of short limbs, redundant nuchal skin and scalp oedema on prenatal ultrasound. The karyotype was normal. A severely hydropic fetus with a swollen face with a bipartite nose, thick lips, narrow thorax and micromelic limbs were noted at postmortem examination. The autopsy revealed placental hydropic changes, pulmonary hypoplasia and accessory spleen. Radiological manifestations were similar to those of patients 3 except for absence of pubic ossification and poorly ossified sacrum (supplemental fig 1A) . Ossification of the posterior neural arches was very severely retarded (supplemental fig 1B) .
Patient 5-The parents of this fetus were non-consanguineous Brazilian origin. The mother was a G2P2SA0: one healthy boy. This fetus was identified on prenatal ultrasound as having short limbs and very narrow thorax (<P5). The newborn died shortly after birth at 28 weeks gestation, weighting 1020 g. The facial features revealed a small nose and anteverted nares with a median groove. The palate was normal. There was marked micromelia without polydactyly. The chest was narrow and short with a protuberant abdomen. Autopsy showed no internal malformations. Radiological examination showed platyspondyly and Schneckenbecken sign (supplemental fig 1C) . However, these were much milder than those of other cases. In addition, angular deformity of the humerus was somewhat distinctive (supplemental fig 1D) .
Mutation screening
Genomic DNA was extracted by standard procedures. The exon sequence of SLC35D1 with its flanking intron sequence was amplified by polymerase chain reaction (PCR) from genomic DNA and PCR products were sequenced directly by using an ABI Prism 3700 automated sequencer (PE Biosystems, Foster City, California, USA). PCR primer sequence is available on request.
Exon trapping assay
A genomic region encompassing exons 4-5 of SLC35D1 in patient 1 was amplified by PCR using primer set: D1-exon 4_F (5′-TCTCTCGAGTTGGGTGTTTGGGTGTCAAA-3′) and D1-exon 5_R (5′-TTGGCGGCCGCAGAGAGAGGGTTGCTTAAAC-3′). PCR products were digested with XhoI and NotI, and cloned into an exon trapping vector (Mo Bi Tec, Goettingen, Germany). Exon trapping vectors were transfected into HEK293 cells. Total RNAs were isolated using SV Total RNA Isolation System (Promega, Madison, Wisconsin, USA) 24 h after transfection. Reverse transcriptase (RT) PCR was performed using primer sets supplied with the exon trapping assay kit and PCR products were cloned and sequenced.
Construction of yeast expression vectors
SLC35D1 cDNA with the c.193A>C mutation was obtained by a PCR based mutagenesis. pcDNA3 vector (Invitrogen, Carlsbad, California, USA) containing wild type SLC35D1 cDNA tagged with an HA epitope at the N-terminus was PCR amplified by the primer set: T65P_F (5′-CTCCCCAATTACAGATTTCCCTCCT-3′) and T65P_R (5′-CACGCTCTTATTCACCACCA-3′). The blunt ended PCR generated DNA fragment was ligated and used to transform Escherichia coli, JM109. Plasmid DNA was prepared from the transformant culture using HiSpeed Plasimd Midi Kit (Qiagen, Valencia, California, USA). The mutation was confirmed by DNA sequencing. The cDNA fragments with wild type and mutant SLC35D1 were subcloned into a yeast expression vector, pYEX-BESN, 13 derivative of YEX-BX (Clontech, Palo Alto, California, USA).
Nucleotide sugar transport assay
The assay was performed with a heterologous expression system in Saccharomyces cerevisiae as previously described. Briefly, expression vectors encoding wild type or mutant SLC35D1 cDNA was transfected into S cerevisiae YPH500. Microsome fractions were prepared from the transformants, and nucleotide sugar transporter activity was measured by comparing the amount of radiolabelled nucleotide sugar incorporated into positive and negative microsomes.
Immunoblotting
Proteins in membrane vesicles were separated by electrophoresis on SDS-polyacrylamide gels and transferred onto nitrocellulose membranes (Amersham Biosciences, Piscataway, New Jersey, USA). The HA tagged proteins were detected with anti-HA monoclonal antibody conjugated with peroxidase, 3F10 (Roche Diagnostics, Basel, Switzerland), at 50 mU/ml. Chemiluminescent signals were detected using ECL pus western blotting detection reagents (Amersham).
RESULTS
A heterozygous nonsense mutation, c.319C>T (p.R107X), and a splice donor site mutation, IVS4+3A>G, were identified in SBD patient 1 (fig 2A) . Sequencing of subcloned DNAs revealed that patient 1 is a compound heterozygote for the mutations. These mutations were not found in 52 Caucasian-American controls or in public sequence variation databases. The score of IVS4+3G (mutation) by a splice donor site predictor was clearly lower than that of IVS4+3A (wild type) (0.13 vs 0.02), suggesting that the mutation caused abnormal splicing. To verify this hypothesis, we performed the exon trapping assay and found that the mutation did indeed cause skipping of exon 4 ( fig 2B, C) . The skipping results in a frame-shift that generates a truncated protein, p.L109fsX18.
When using the genomic DNA from patient 2, the DNA fragment encompassing exon 7 of SLC35D1 could not be amplified, suggesting a homozygous deletion that includes exon 7 ( fig 3A) . To confirm this hypothesis, we designed a PCR primer set (S1 and R1) for amplifying a 5.9 kb genomic region encompassing exon 7 ( fig 3B) . A DNA fragment of an unexpected size (0.9 kb) was generated from patient 2's DNA whereas a fragment of the expected size (5.9 kb) was generated from a wild-type DNA (fig 3C) . Sequence comparison between the DNA fragments indicated the presence of a 4959 bp deletion causing complete removal of exon 7 ( fig 3B) . This analysis also revealed the presence of two 11 bp direct repeats (CTTGGCCTCCC) flanking the break points. One repeat was retained, whereas the other was lost in the deletion process, strongly suggesting that the deletion was generated by the mechanism of slipped mispairing during DNA replication. 1718 This deletion mutation IVS6+730_IVS7+3171del4959 results in skipping of exon 7 in cDNA (c.534_636del103) that produces a premature stop codon (p.R178fsX15). As expected, both parents of patient 2 were heterozygous carriers of the mutation ( fig 3C) .
Since biological material of patient 3 was unavailable, SLC35D1 mutations were searched for in the consanguineous parents and an unaffected sister. A heterozygous missense mutation (c.193A>C), which results in the substitution of conserved threonine to proline in the first intracellular domain of SLC35D1 (p.T65P), was identified in the three relatives ( fig  4A,B) . This mutation was not found in 100 ethnically matched Turkish controls, 66 Caucasian-American controls, or in public sequence variation databases. The T65 amino acid residue was conserved among various species from human to Caenorhabditis elegans (C elegans) ( fig 4C) .
We evaluated the NST activity of the T65P mutant protein by using a yeast complementation assay. 121415 Western blot analysis confirmed expression of the mutant and wild-type SLC35D1 in microsome fractions prepared from transfected yeast cells ( fig 5A) . SLC35D1 expressing microsomes showed higher incorporation of UDP-GalNAc, UDPGlcUA, and UDP-N-acetylglucosamine (UDP-GlcNAc) relative to non-expressing control ( fig 5B) . The incorporation levels of nucleotide sugar in T65P-expressing microsomes were reduced to one tenth for UDP-GalNAc, one twelfth for UDP-GlcUA, and one nineteenth for UDP-GlcNAc, compared to those in SLC35D1 expressing microsomes. Therefore, we can conclude that p.T65P mutant results in severely diminished NST activity and that the T65 residue is a critical amino acid for NST activity of SLC35D1.
No SLC35D1 mutations were identified in SBD patients 4 and 5 and in a total of 15 patients with other SSDD group diseases.
The radiographic features common to the three cases caused by SLC35D1 mutations were: (1) handle bar clavicle, (2) bell shaped thorax, (3) interpediculate distance narrowing, (4) metaphyseal flaring, (5) severe retardation of the vertebral body ossification, (6) relatively preserved ossification of the posterior arch, (7) relatively preserved sacral ossification, (8) pubic ossification, and (9) lack of angular deformity of the humerus (table 1) . The first four features are also found in the two SLC35D1 mutation negative SBD cases. However, some of the other features were absent in the mutation negative cases. In patient 4, ossification was poor in the posterior arch and sacrum and was absent in pubis. In patient 5, retardation of the vertebral body ossification was moderate, and ossification of the posterior arch and the sacrum was well preserved. The angular deformity of the humerus was present.
DISCUSSION
We identified four novel types of SLC35D1 loss-of-function mutations, in three typical SBD families. This is the second report of identification of loss-of-function mutations and the fist report of a missense mutation of SLC35D1 in SBD patients. Unfortunately, DNA from patient 3 was unavailable; yet, the facts of a heterozygous missense mutation in both parents and an unaffected sister, absence of the mutation in ethnically matched controls, and the experimental evidence of impaired transporter activity of the mutant protein are sufficient to consider that the missense mutation is responsible for the SBD phenotype in the patient. Patient 3 is most likely a homozygote for c.193A>C (p. T65P), although the possibility of a compound heterozygote for c.193A>C and a de novo mutation cannot be denied.
In the present and previous studies, 9 we searched for SLC35D1 mutations in 10 SBD patients and identified the mutations in five patients with the common radiographic features. These results indicate that a variety of SLC35D1 mutations can cause SBD and that SLC35D1 mutations are responsible for SBD in patients of different ethnic backgrounds. The following features were common to the mutation positive cases (patients 1-3) and some of them were absent in the mutation negative cases (patients 4 and 5): severe retardation of the vertebral body ossification, relatively preserved ossification of the posterior arch and sacrum, preserved pubic ossification, and lack of angular deformity of the humerus (table 1) . These features are also found in the two mutation positive cases that we previously identified. 9 These findings would solidify the diagnostic criteria for SBD.
Formerly, SSDD group included achondrogenesis type 1B (ACG1B; OMIM 600972), which is now re-classified in the "sulfate transporter dysplasias" group. 4 ACG1B is a particularly interesting disorder in the context of our study because of its clinical and radiographic phenotypic similarities to SBD and its pathogenesis related to impairment of a membrane sulfate transporter termed DTDST (diastrophic dysplasia sulfate transporter) affecting sulfation of GAG chains. 1920 ACG1B represents the most severe end in a group of skeletal dysplasias due to impaired DTDST ranging from the perinatally lethal ACGIB and atelosteogenesis type II (OMIM 256050), through to non-lethal diastrophic dysplasia, to mild autosomal recessive multiple epiphyseal dysplasia. [19] [20] [21] It is also intriguing that despite widespread expression of DTDST, the phenotypes in the sulfation defects group manifest mainly in the cartilage. This fact may be explained by the particularly high rate of PG synthesis in chondrocytes, and thus the high requirement for sulfate. 22 The SLC35D1 protein is also ubiquitously expressed and the phenotype of SBD is confined to the cartilage. Similar clinical and pathogenic stories may pertain to the SLC35D1 defect. Therefore, it will be interesting to investigate potential associations between partial function mutations of SLC35D1 and other non-lethal skeletal dysplasias.
The SLC35 family genes encode NSTs. The SLC35 family consists of at least 17 molecular species in human. 11 Among the six subfamilies in the SLC35 classification, the SLC35D subfamily consists of three species, SLC35D1, D2, and D3. SLC35D2 is expressed in the Golgi membrane and mainly transports UDP-GlcNAc, 23 while SLC35D3 function has not yet been clarified. Other members of the SLC35 gene family are potential candidates for skeletal dysplasias and other constitutional bone diseases. Indeed, a missense mutation in the bovine Slc35a3 gene, which encodes a UDP-GlcNAc transporter, is responsible for complex vertebral malformations. 24 Therefore, mutation search of the SLC35 gene family may lead to the identification of new causative genes for skeletal dysplasias.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Characteristics of the Schneckenbecken dysplasia patients 
